We have extensively analyzed the biochemical and histochemical profiles of the tau protein from the rTg4510 transgenic mouse model in which the animals uniquely develop forebrain tau pathologies similar to those found in human tauopathies. Levels of several soluble phosphorylated tau species were highest at 1 month relative to later time points , suggesting that certain tau hyperphosphorylation events were insufficient to drive tangle formation in young mice. Despite a robust , pre-tangle-like accumulation of phospho-tau in 1-month-old mice , this material was cleared by 3 months , indicating that the young mouse brain either fails to facilitate tau insolubility or possesses an enhanced ability to clear tau relative to the adult. We also found that while heat shock protein expression increased with normal aging , this process was accelerated in rTg4510 mice. Moreover , by exploiting an exon 10 (؊) specific antibody , we demonstrated that endogenous mouse tau turnover was slowed in response to human tau over-expression, and that this endogenous tau adopted disease-related properties. These data suggest that a younger brain fails to develop lasting tau pathology despite elevated levels of phosphorylated tau , perhaps because of reduced expression of stress-related proteins. Moreover , we show that the active production of small amounts of abnormal tau protein facilitates dysfunction and accumulation of otherwise normal tau , a significant implication for the pathogenesis of patients with Alzheimer's disease. 
We have extensively analyzed the biochemical and histochemical profiles of the tau protein from the rTg4510 transgenic mouse model in which the animals uniquely develop forebrain tau pathologies similar to those found in human tauopathies. Levels of several soluble phosphorylated tau species were highest at 1 month relative to later time points , suggesting that certain tau hyperphosphorylation events were insufficient to drive tangle formation in young mice. Despite a robust , pre-tangle-like accumulation of phospho-tau in 1-month-old mice , this material was cleared by 3 months , indicating that the young mouse brain either fails to facilitate tau insolubility or possesses an enhanced ability to clear tau relative to the adult. We also found that while heat shock protein expression increased with normal aging , this process was accelerated in rTg4510 mice. Moreover , by exploiting an exon 10 (؊) specific antibody , we demonstrated that endogenous mouse tau turnover was slowed in response to human tau over-expression, and that this endogenous tau adopted disease-related properties. These data suggest that a younger brain fails to develop lasting tau pathology despite elevated levels of phosphorylated tau , perhaps because of reduced expression of stress-related proteins. Moreover , we show that the active production of small amounts of abnormal tau protein facilitates dysfunction and accumulation of otherwise normal tau , a significant implication for the pathogenesis of patients with Alzheimer's disease. Cerebral accumulation of the microtubule associated protein tau into punctate fibrillar aggregates is a hallmark of a class of disorders termed tauopathies. Tau within these aggregates exhibits a significant amount of posttranslational modifications, the most common being hyperphosphorylation of the more than 20 phosphorylation sites found on the protein. 1 There are 17 known neurodegenerative diseases that exhibit postmortem tau pathology, the most common of which is Alzheimer's disease. 2 Several of these diseases arise from mutations within the MAPT gene itself, including frontotemporal dementia with parkinsonism linked to chromosome 17 and progressive supranuclear palsy. 3, 4 While these mutations are often very close in proximity, the clinical presentation and the pathological profile of each disorder can be quite distinct. For example, the P301L mutation causes the clinical and pathological presentation of frontotemporal dementia with parkinsonism linked to chromosome 17, while the G303V mutation causes progressive supranuclear palsy. 4 Most tau mutations modify the alternative splicing of tau pre-mRNA, such that splicing out of exon 10 is reduced. This alters the typical 1:1 ratio of exon 10ϩ (4R) and exon 10Ϫ (3R) tau seen in normal adults and is thought to be a key event in tau pathogenesis. The discovery of tau mutations has facilitated the generation of several mouse models of tauopathy, which have become important tools for our understanding of the neurodegenerative mechanisms elicited by tau aggregation.
Recently, the rTg4510 mouse model was developed in an effort to generate a model with significant forebrain pathology, a feature that previous models had failed to reliably produce. 8 Santacruz and colleagues used a CaMKIIalpha promoter driven tetracycline operator to focus human mutant P301L tau over-expression in the forebrain (ie, hippocampus and higher cortical layers). These inducible transgenic mice developed robust forebrain tangle pathology, cognitive deficits, significant neuron loss, and cortical thinning in -associated areas. Once neurofibrillary tangles had begun, suppression of tau with doxycycline in this model partially reversed memory deficits; however, tangles persisted and continued to increase. This rTg4510 model has led to a number of investigations studying how mutant tau facilitates neuronal dysfunction. 9 -11 These mice have also been used to address very topical questions for the field such as the role of caspase cleavage of tau in tangle formation. 12, 13 A large repertoire of immunological agents is available for various tau species, particularly those that recognize distinct phospho-tau species, each of which has unique properties; however, only a handful of these have been investigated in this model. In our current report, we endeavored to extensively evaluate the biochemical and histological properties of these distinct tau species cross-sectionally. We emphasized several epitopes in these studies; 1) pS262/S356 tau, which has unique KXGS consensus sites in the microtubule binding domain and is thought to be an initiating event for tau pathogenesis; 2) pS202/T205 tau, which is one of the earliest phospho-tau epitopes and occurs on endogenous mouse tau; and 3) MC1/Alz50 tau, which are two similar conformational epitopes that are formed when the N-terminal folds back on itself and interacts with the microtubule binding domain.
14 Our findings led to several novel observations, particularly with regard to the mechanisms of tau processing and the stress response that seem to vary between juvenile and adult mice.
Materials and Methods

Mouse Breeding and Tissue Handling
The rTg4510 mice and parental mutant tau and tTA lines were generated and maintained for this study as previously described in SantaCruz et al. 8 We harvested brain tissue from 1-, 3-, 5.5-, and 9-month-old rTg4510 mice and non-transgenic littermates. Each group consisted of 5 to 6 animals per genotype. Mice were weighed, overdosed with pentobarbital (200 mg/kg) and perfused with 25 ml of 0.9% normal saline solution. Brains were collected from the animals immediately following perfusion and hemisected down the sagittal midline. Half of the brain was frozen on dry ice for biochemical studies and half was immersion fixed in 4% paraformaldehyde for 24 hours. 
Antibodies (Clonal Names in Parentheses)
Centrifugal Fractionation of Brain Extracts, Cell Culture, and Western Blot Analysis
After brain tissue was harvested as described above, each sample was homogenized as previously described. 17 HEK293 and CHO cells were transfected with pcDNA3.1 vectors containing wild-type 3R0N, wild-type 4R0N, or P301L 4R0N tau using lipofectamine 2000 as previously described. 18 Stably expressing cell lines were established using G418 selection. Cells were lysed in a Tris buffer containing 1% SDS and sonicated. Samples were run on 10% Tris-Glycine gels or 18-well 10% Criterion gels (BioRad, Hercules, CA). Protein expression was visualized by electrochemiluminescence treatment and exposure to film. Bands were quantified using Scion Image. A semiquantitative analysis was performed by densitometry, correcting protein levels for GAPDH. For P3 fractions, 3 l of sample were added to 3 l of Laemmli buffer, heated and 5 l loaded into wells. For fragmentation study, films were exposed for 20 to 30 minutes.
Immunoprecipitation with RD3 and Alz50 Antibodies
Immunoprecipitation (IP) studies from rTg4510 mice were performed as previously described. 19 RD3 IP blots were probed with rabbit polyclonal phospho-tau antibodies and Alz50 IP blots were probed with RD3 antibody using mouse IgG-specific secondary detection to avoid capture antibody heavy chain interference.
Histochemical Studies and Quantification
Fixed mouse brains were cryoprotected in successive 24 hours incubations of 10%, 20%, and 30% solutions of sucrose and then sectioned as previously described. 20 One series of sections was mounted on slides and stained with Gallyas silver stain using a protocol for nonparaffinized tissue adapted from previously described methods (Lewis et al, 2000) .
Stained sections were imaged using an Olympus BX51 microscope rig at original ϫ40, ϫ100, or ϫ200 final magnification. For quantification, images (original ϫ100 magnification) of cornu ammonis (CA)1, CA3, and the entorhinal cortex were taken using spatial orientation cues. Quantification of positive staining product was determined using Image-Pro Plus (Media Cybernetics, Silver Springs, MD). analysis of variance statistical analysis was performed using StatView version 5.0.1 (SAS Institute, Raleigh, NC).
Results
Age-Dependent Changes in Distinct Soluble Tau Species
Western blot analysis of the soluble (S1) protein fraction from brain homogenates of rTg4510 mice demonstrated that human tau was expressed at the highest levels at 1 month of age ( Figure 1 ). Levels of tau phosphorylation were not concurrent across different epitopes. Multiple phospho-tau species (S262/S356, T202/S205, S396/ S404, and T231) were elevated at 1 month, which sharply declined at 3 months followed by a gradual increase at 5.5 and 9 months. Conversion to a 64-kDa soluble tau species was observed as early as 5.5 months for each of these epitopes. In particular, tau phosphorylated at S262/ S356 was predominantly in the 64kDa species at 9 months. A component of the AT100 epitope, pT212, was the only epitope tested that was initially low at 1 month, followed by a substantial increase at 3 and 5.5 months, with a sharp decline at 9 months. Similar to antibodies against p-tau epitopes other than pT212, antibodies targeting specific portions of the tau protein were also most reactive with tau from 1-month-old rTg4510; however, only minor reductions in both N-and C-terminal tau were observed at 3 months. N-terminal tau specific immunoreactivity was recovered at 5.5 months and maintained thru 9 months (Figure 1 ). C-terminal reactivity was recovered at 5.5 months but decreased again by 9 months. Most noticeable was the unique profile of the mid-domain antibody, tau5 that recognizes aa218 -225; this epitope was the only species to gradually decrease at each time point with a dramatic drop between 5.5 and 9 months.
Age-Dependent Increases in Sarkosyl-Insoluble Tau
The cross-sectional sarkosyl-insoluble tau profiles for the rTg4510 mice were similar to what have been previously described. 9 Most noticeable of these results was the absence of insoluble tau in the 1-month-old cohort despite the high amount of soluble material ( Figure 2 ). Interestingly, while mouse-to-mouse levels of soluble tau species were quite consistent, considerable variation in levels of the insoluble tau fraction for different tau Cross-sectional analysis of soluble tau species in the rTg4510 mice. Representative immunoblots of soluble tau species from whole brains of 1-, 3-, 5.5-, and 9-month-old rTg4510 mice and 9-month-old non-transgenic (N) mouse as a control were normalized to GAPDH levels and quantified using pixel density. With the exception of pT212 tau, soluble phospho-tau species were at maximum levels at 1 month. In aged mice, a 64kDa tau species (as indicated on the right) appeared in the soluble fraction using antibodies against pS262/S356, pS202/T205, pS396/S404, pT231, and N-terminal tau.
epitopes within cohorts was observed. This could indicate that the rate of conversion to insoluble tau is quite variable between animals. The presence of insoluble tau correlates with the 64kDa species in the soluble fractions in the 5.5-month-old cohort ( Figure 1 ). For example, the first two mice in the 5.5-month-old cohort are female siblings, but the second mouse has considerably more insoluble tau and also has more of the 64-kDa soluble tau species, particularly as detected with the pS262/356 antibody. This variance among individual mice only allowed us to qualitatively assess tau insolubility among the cohort as a whole, as it appears that the total amount of insoluble tau across cohorts increases with age.
Robust Soluble Tau Accumulation Only Leads to Persistent Pathology in Adult Mice
We subsequently performed histochemical studies and quantitative image analysis (previously described 20 ) to evaluate the accumulation of abnormal tau species in rTg4510 mice compared with non-transgenic littermates. Tau phosphorylated at S262/S356 was abundant, particularly in higher cortical layers and the piriform cortex (Figure 3 ), in 1-month-old rTg4510 mice. Similar to the biochemical profile for this antibody, cortical immunostaining for phosphorylation at S262/S356 was reduced by the 3 month time point and steadily increased with subsequent time points. Cortical thinning was notable by 5.5 months in rTg4510 mice. Thalamic staining for abnormally phosphorylated tau was not observed at any age. Hippocampal levels of S262/S356 phospho-tau were also slightly elevated in 1-month-old rTg4510 mice compared with 3-month-old mice. Higher magnification images of pS262/S356 tau in 1-month-old rTg4510 mice showed tau accumulation in molecular layer I, which predominantly harbors apical dendrites and axon terminals, as well as in the external granular layers, as evidenced by the perikaryal tau accumulation reminiscent of pre-tangles (see Supplemental Figure S1 at http://ajp.amjpathol.org).
This tau species also decorated long axonal processes throughout the cortical layers. Perikaryal tau was also observed in CA1 pyramidal neurons of 1-month-old rTg4510 mice. Some less intense, perinuclear staining was observed with what appeared to be occasional tangles. By 5.5 months, S262/S356 phosphorylated tau accumulated in both CA1 and the subiculum with abundant immunostaining of the perikarya and processes, which continued to progress through the 9-month time point.
Levels of pS202/T205 tau were similar between 1 and 3 months, rTg4510 mice in CA1 (Figure 4 ), entorhinal cortex (EnCx; see Supplemental Figure S2 at http:// ajp.amjpathol.org), and CA3 (see Supplemental Figure S3 at http://ajp.amjpathol.org), except that more neurites were stained at 3 months. Staining progressively increased at 5.5 and 9 months, although staining intensity was reduced at 9 months relative to the other tau species investigated. Staining with MC1, an antibody that recognizes a conformation adopted by tau that is thought to nucleate filament formation was first observed in the cortex and hippocampus at 3 months and progressed in an age-dependent manner ( Figure 4 . Together with the biochemical analyses described above, these results provided a foundation for more detailed studies into the mechanisms of the robust and progressive tau accumulation occurring in these mice.
Age-and Tau-Associated Alterations in Chaperone Proteins
Given our recent work in chaperone regulation of tau biology, we evaluated whether tau accumulation affected the levels and activity of heat shock proteins and other proteins involved in protein homeostasis. Young mice, regardless of transgenic status, had a high molecular weight (HMW) smear reactive with anti-Hsp70 antibody, suggestive of polyubiquitination ( Figure 5A ). This HMW smear was reduced, but not absent, in 5.5-month-old non-transgenic mice; however, it was ablated in rTg4510 mice of the same age. Age-dependent increases in Hsp70 and Hsp27 levels were clearly observed in nontransgenic mice. Interestingly, this increase was modestly accelerated in rTg4510 mice compared with agematched non-transgenic mice, an effect that appeared to plateau by 5.5 months ( Figure 5B) . No changes were observed in Hsp90 ( Figure 5B ). CHIP levels, which were elevated in 1-month-old mice, decreased at 3 and 5.5 months, and then increased again at 9 months in non-transgenic mice; however rTg4510 mice had reduced levels of CHIP from 3 months onward and they failed to return to higher levels at 9 months ( Figure 5B) . Levels of other chaperone-related proteins such as Figure 2 . Cross-sectional analysis of insoluble tau species in the rTg4510 model. Representative immunoblots of sarkosyl insoluble tau species from whole brains of 1-, 3-, 5.5-, and 9-month-old rTg4510 mice. 64-kDa sarkosyl insoluble tau species was apparent at 5.5-and 9-month-old in rTg4510. Interestingly, considerable variability within age groups was observed with insoluble tau fractions.
P23, HOP, Hsp40, and Akt were equivalent across genotypes.
Overexpression of Mutant Human Tau Facilitates Persistence of Endogenous Mouse Tau
We had previously demonstrated that insoluble tau in P301L 4R0N transgenic mice did not contain mouse tau, 5 suggesting that mouse tau was not incorporated into tangles; however, the impact that human tau expression may have on soluble mouse tau species remained unclear. Using the rTg4510 mice, we investigated this impact by exploiting a unique property of mouse tau that distinguishes it from human tau. In fetal/juvenile brains from both humans and rodents, the tau is predominantly exon 10Ϫ; however, exon 10ϩ tau mRNA increases with age. In normal adult humans, there is a 1:1 ratio of exon 10ϩ (4R) and exon 10Ϫ (3R) tau. In normal adult mice, however, murine tau exclusively becomes 4R. 21 Antibodies have been previously generated to specifically recognize 3R tau species 22, 23 and we used these antibodies to determine whether 3R tau was present at different time points in the rTg4510 in response to high levels of 4R human tau.
Using the 3R specific antibody RD3 on soluble tau fractions, we found that 3R tau was still detectable at 3 months of age, but was no longer apparent at 5.5 or 9 months in rTg4510 mice ( Figure 6A ). In comparison with non-transgenic mice, 3R tau was ϳ50% higher in rTg4510 mice at 1 month of age ( Figure 6 , B & C). Interestingly, a higher molecular weight species emerged, suggesting increased phosphorylation of 3R mouse tau in 1-month-old rTg4510 mice. More striking was the find- Figure 3 . pS262/S356 tau staining and progressive cortical thinning rTg4510 mice. Neocortical sections show abundant immunoreactivity with 12E8 (pS262/S356) tau. Early (1-month-old) cortical accumulation of 12E8 tau was seen in higher cortical layers, including the molecular layer. Granular staining was also evident in CA and the subiculum of the hippcampus, however, minimal staining was observed in the dentate gyrus (DG). By 3 months, staining in all regions was reduced although reactivity was still apparent in the molecular layer of the cortex. At 5.5 months, staining was more prevalent in neuronal cell bodies of CA1 and the subiculum. Diffuse staining was also elevated throughout the neocortex. By 9 months, punctuate perikaryal tau was seen in neurons throughout CA and DG, with particularly robust staining in CA1. Neuronal staining was also observed throughout the neocortex. Cortical thinning was progressive, as measured by the distance from the outer cortical layer to the lateral edge of the caudate putamen. Staining in thalamic areas was not observed and non-transgenic mice showed no reactivity with this antibody. 1 cm is equivalent to 120 m in all images for this figure. ing that rTg4510 mice maintained nearly double the level of 3R mouse tau at 3 months of age (ϳ86%) compared with nearly undetectable levels in non-transgenic agematched mice ( Figure 6 , B & C). Also of interest, pS396/S404, pS202/T205, and total tau were elevated in 3-month-old non-transgenic mice relative to their 1-month-old counterparts ( Figure 6 , B & D). In contrast, these species appeared reduced between the 1-month and 3-month time points in rTg4510 mice. Lighter exposure profiles for these epitopes in the same transgenic mice are shown in Figure 1 . To ensure that the RD3 antibody did not recognize 4R tau, we over-expressed 3R and 4R tau clones in HEK293 cells and tested cross-reactivity by Western blot. Although total tau was detected in all tau transfected HEK293 cells, regardless of transfected tau isoform, RD3 only recognized tau from the cell line transfected with 3R tau ( Figure 7A ). To prove that overexpression of 4R tau could impair the turnover of 3R tau, CHO cells stably expressing wild-type (wt) 3R tau were transfected with enhanced green fluorescent protein (eGFP) or 4R human tau harboring the P301L mutation, the same form used to make the rTg4510 mouse model. After 24 hours, levels of 3R tau were substantially higher in those transfected with 4R P301L tau compared with those transfected with eGFP ( Figure 7B ).
Slowed Tau Turnover in a Mouse
We then immunoprecipitated 3R tau from 1-month-old rTg4510 mice and non-transgenic littermates and found that the 3R tau from rTg4510 was phosphorylated at T212, S199/S202, and S262 to a greater extent than in non-transgenic age-matched mice ( Figure 8A ). Levels of 3R tau that were captured by IP were consistent across non-transgenic and rTg4510 mice. We then used the Alz50 antibody to immunoprecipitated tau from these same 1-month-old mice. The Alz50 antibody recognizes a similar disease-related conformational epitope to MC1, but is an IgM rather than an IgG. We wanted to determine whether endogenous 3R mouse tau was capable of assuming a disease-specific conformation. Since the RD3 antibody is an IgG, we were able to use isotype specific secondary detection to avoid heavy chain contamination from the IP process by using Alz50 as the capture antibody and RD3 with an IgG-specific secondary for detection. We found that 3R tau was capable of forming the Alz50 epitope and this was enhanced in the rTg4510 mice when compared with non-transgenic age matched mice ( Figure 8B ).
These data showed that turnover of endogenous mouse tau was causing the preservation of endogenous 3R tau in the rTg4510 mice. To determine whether 3R tau could be processed via the typical degradation pathway, we investigated 3R tau levels in the same 1-month-old CHIP knockout mice that we previously described, which have no transgenic over-expression of human tau. 17 Since CHIP knockout mice lack a critical tau ubiquitin ligase, 17, 24 we were able to ascertain whether 3R tau turnover was indeed impaired in 1-month-old CHIP Ϫ/Ϫ mice. 3R tau levels were significantly elevated in CHIP null mice compared with wild-type littermates (see Supplemental Figure S4 at http://ajp.amjpathol.org). This data Figure 4 . Progressive changes in tau phosphorylation, conformation, and argyrophilia in CA1 of rTg4510 mice. Matched sections serially collected were stained with 12E8 (pS262/S356), CP13 (pS202/T205), and MC1 antibodies and Gallyas silver stain. Perikaryal phospho-tau was apparent in 1-month-old mice throughout CA1 and into the subiculum. This was decreased by 3 months of age. 5.5-and 9-month-old mice showed progressive increases for both phospho-tau species analyzed with more apical staining at 5.5 months. MC1 tau only emerged in 3-month-old mice and stained apical dendrites at 3 and 5.5 months. Argyrophilic tau was occasional observed in the CA1 at 3 months, which progressively increased with age. Quantitation of each stain was performed for CA1, CA3 (not shown), and entorhinal cortex (S Figure 1 ) and expressed as tau burden. Overall levels of pS202/T205 tau were lowest in 9-month-old mice compared with the other species investigated. 1 cm is equivalent to 50 m in all images for this figure. also suggested that 3R tau is susceptible to accumulation when the degradation machinery is compromised either by increased usage demands, such as in the rTg4510 mice, or malfunctioning components of the degradation cascade, such as in the CHIP knockout mice.
Discussion
The tau protein can undergo many posttranslational modifications, the most common being phosphorylation and protease cleavage. However, other changes have also been reported, including nitration, glycosylation, and folding. Adding further to this complexity is posttranscriptional alternative splicing that promotes production of six tau isoforms, each of which is expressed in the human adult brain. The large number of different tau species has made it difficult to ascertain the precise role of each form of the tau protein in disease development and progression, thereby fuelling the generation of antibodies to detect these tau species, particularly those recognizing certain phospho-tau epitopes. These immunochemicals have been critical for allowing us to extensively characterize both the biochemical and histochemical profiles in the rTg4510 mouse model of tauopathy. The robust tau over-expression in the rTg4510 model also provided an opportunity to investigate the impact of age on the management of elevated tau levels.
In the rTg4510 mice, we found that most soluble tau species were at their highest levels at 1 month compared with other time points. Soluble phospho-tau in rTg4510 mice, in general, showed greater reductions between 1-and 3-month-old mice than did phospho-independent tau epitopes (ie, N-and C-terminal; Figure 1 ). This was consistent with work done nearly 15 years ago showing high levels of phosphorylated tau in the developing brain in comparison with aged mice. 25 This high level of phospho-tau in 1-month-old mice was attributed to the increased demand for neurite outgrowth in the developing brain, a role that phosphorylated tau has been linked to in the past. 26 In the rTg4510 model, phosphorylation of epitope T212, a site that is critical for formation of the filament specific AT100 epitope, 6 was increased between 1-and 3-month-old (Figure 1 ). In addition to being a target of GSK3ß and protein kinase A-directed phosphorylation, T212 has been shown to be a target for stress activated kinases. 27 Taken together with our data suggesting that the stress response accelerates with age ( Figure 6 ), phosphorylation of tau at T212 in the rTg4510 model may be a stress-responsive event.
We also observed an age-dependent decline in immunoreactivity of tau for the mid-domain (a.a.218 -225) of tau in the rTg4510 mice using the tau 5 antibody. This was the only soluble tau epitope, including the N-and C-termini, that we found to consistently decrease with age, as the others typically "rebounded" at 5.5 months. Since the mid-domain antibody, tau 5, recognizes a span in close proximity to the AT100 epitope (Figure 1 ), increased phosphorylation at T212, S214 and T217 (the AT100 epitope), or other nearby sites such as pT231, may progressively impair access to a.a. 218 -225. This explanation, however, does not fully account for the dramatic reduction of the tau 5, pT212, and C-terminus immunoreactivity in 9-month-old rTg4510 mice, suggesting that other modifications such as ubiquitination or conformation may hinder antibody access to these domains.
We also noted the conversion of soluble tau to a 64-kDa species that coincided with tau insolubility as previously described 9 ( Figures 1 and 2 ). This was particularly evident for pS262/S356 tau, further emphasizing the significance of this epitope in disease pathogenesis and the novel role that MARK2/PAR1 plays in not only priming tau for subsequent phosphorylation, but also in shielding tau from degradation. 28 -31 Histological analyses with this antibody revealed that this particular phospho-tau species was prevalent in higher cortical layers at 1 month, staining cell bodies and neurites throughout (Figures 3 & Supplemental Figure S1 at http://ajp.amjpathol.org). This suggested the important role for pS262/S356 tau in early brain development, perhaps indicating activity of kinases that can phosphorylate KXGS motifs, ie, MARKs (microtubule affinity regulating kinases) and protein kinase A, each of which have been implicated in cell polarity during development. 29, 32, 33 Of particular note, perikaryal tau appeared at this early age in structures resembling the pathology at later time points. Unlike the neurofibrillary tangles that aggregate in older rTg4510 mice, this pS262/ S356 tau was cleared by 3 months, suggesting that the adolescent brain either lacks activity of a necessary component that facilitates pathological tau stability or that the adolescent brain is more efficient than the adult brain in removing phosphorylated tau.
Our past studies on the role of chaperones and heat shock proteins in tau biology led us to evaluate the levels of several key regulators of these protein families in our time course study here. The HMW Hsp70 species that we observed in young mice was perhaps the most surprising result as this has not previously been reported ( Figure 5) ; however, Hsp70 is indeed ubiquitinated and a recent study demonstrated that this ubiquitination can be medi- Figure 6 . Endogenous mouse tau is preserved in rTg4510 mice. A: Soluble tau was extracted from whole brain of 1-, 3-, 5.5-, and 9-month-old rTg4510 mice (four per group) and one nontransgenic 9-month-old mouse as a control (N). 3R tau (RD3 antibody) was highest at 1 month and absent at 5.5 months in the rTg4510 mice. B: 3R tau was higher in rTg4510 mice compared with non-transgenic littermates at 1 and 3 months. Other phospho-tau epitopes were consistent with data from Figure 1 ; however, non-transgenic mice showed increases in phospho-tau between 1 and 3 months. . 19 -33) , confirmed over-expression of all tau plasmids. B: CHO cells stably expressing human 3R wild-type (wt) tau were transfected with either human 4R P301L tau or eGFP and harvested 24 hours later. 3R tau levels were ϳ50% higher in 4R P301L tau transfected cells relative to eGFP transfected cells. Total tau levels were determined using E1. GAPDH was used as a protein loading control. The histogram shows the average optical density for 3R tau as a ratio of GAPDH for both 4R P301L tau and eGFP transfected cells. Figure 8 . Endogenous 3R mouse tau adopts disease-associated properties in rTg4510 mice. A: Immunoprecipitation (IP) with RD3 antibody of soluble tau in 1M rTg4510 and non-transgenic littermates followed by detection with phospho-tau antibodies (indicated on left) showed that rTg4510 mice had higher levels of phosphorylated 3R tau than non-transgenic mice. Inputs indicate whole brain homogenate. Optical densitometry for rTg4510 mice as a percentage of the non-transgenic mice is shown for all tau species analyzed in the RD3 IP lanes. B: IP with Alz50, an IgM that recognizes a specific disease-associated tau conformation, from the same samples followed by RD3 detection using IgG showed that more 3R tau was also in the Alz50 conformation in rTg4510 mice compared with non-transgenics. Optical densitometry for rTg4510 and non-transgenic mice is shown for RD3 in the Alz50 IP lanes. ated by CHIP. 34 While this HMW species decreased between 3 and 5.5 months, it was still present in 5.5-monthold non-transgenic animals, but not in age-matched rTg4510 mice. Thus this HMW Hsp70 species may be indicative of CHIP activity in these mice, suggesting that CHIP activity not only decreases or changes with age, but that this feature is actually accelerated by tau pathology. Coinciding with this result was our finding that CHIP levels were slightly reduced in older rTg4510 mice compared with non-transgenic littermates.
Constitutive Hsp70 and Hsp27 levels increased between adolescence and adulthood, but this was accelerated by tau over-expression ( Figure 5) . Previous work has shown that older animals have an impaired heat shock response 35, 36 ; however these data could suggest that stress-related protein expression may actually facilitate tau accumulation and pathology. Indeed, the role of chaperones is to prevent unfolded proteins from being unnecessarily degraded. Perhaps the absence of inducible chaperone expression is allowing for the clearance of tau that we observed between 1 month and 3 months. This could, in fact, be a critically timed developmental necessity to allow for the removal of hyperphosphorylated 3R tau from the juvenile brain while 4R tau replaces it. But as the mice age the increased activity of stressinducible chaperones prevents tau degradation and may actually facilitate filament formation. The fact that tau over-expression may be facilitating stress protein expression further implicates their role in facilitating pathogenesis. If heat shock proteins are facilitating filament formation, in light of recent evidence from our group and others suggesting that the tangles themselves might not be toxic, but rather soluble intermediates, 8, 12, 17 then it still is possible that chaperones are protective. While, it has yet to be definitively demonstrated how chronically elevated expression of stress proteins will affect the neurodegenerative disease process in the mammalian brain, these data certainly are suggestive that they are intimately involved.
The adolescent rodent brain produces exclusively 3R tau, which eventually is converted to exclusively 4R tau. 37, 38 Since the human tau over-expressed in the rTg4510 mice is 4R tau, we were able to investigate what impact over-expressed mutant human tau has on endogenous 3R tau from the juvenile mouse brain. Mouse 3R tau was elevated in the rTg4510 mice at 1 month and 3 month, as compared with non-transgenic mice. It was possible that human 4R tau might be altering endogenous tau splicing leading to elevation of 3R tau in rTg4510 mice; however, using a cell culture model of constitutively expressed 3R tau, we were able to prove that over-expression of 4R P301L tau was in fact capable of impairing 3R tau turnover, since each tau variant was being independently expressed in this cell model (Figure 7) . Endogenous 3R mouse tau also had elevated levels of disease-associated phosphorylation and adopted the disease-associated Alz50 conformation in the rTg4510 mice compared with non-transgenic littermates 39 ( Figure 8 ). This is the first time that evidence has been presented to suggest that simply by accumulating, abnormal tau can facilitate dysfunction of a distinct, normal tau population. Therefore, the accumulation of tau that occurs in tauopathies may be self-perpetuating by slowing the removal of endogenous tau and preserving toxic tau intermediates within the neurons for a longer period than normal.
The consequences of abnormal tau production in Alzheimer's disease and other tauopathies could be that the production and accumulation of aberrant tau actually slows the turnover of normal tau within the same cell, suggesting that the threshold required for abnormal tau to facilitate neuronal proteotoxicity is lower than one might think. It also provides evidence for the theory proposed by Trojanowski and Lee 40 that while there may indeed be some gain of toxic function required for initiating tau dysfunction, only a small amount of this material may be required to promote loss of normal function for the remaining pool of tau, leading to its accumulation, giving abnormal tau a prion-like capacity. This point was also suggested by Oddo et al when they demonstrated that removing Aß by immunotherapy was sufficient to also stop tau accumulation early in the life of 3xTg AD mice; however, if removal of Aß was initiated later in the life of these mice, tau accumulation continued unabated. 41 Additionally, our previous work with the rTg4510 model indicates that early removal of mutant tau slows tau aggregation; however, later reduction of mutant tau levels fails to reduce tau aggregation. Thus, clinical trials designed for AD aimed at removing Aß should perhaps be initiated much earlier in the course of the disease. In fact these anti-amyloid strategies may be most effective even before symptoms manifest, making the need for pre-phenotype biomarkers for AD prognosis of critical importance for the success of these strategies. Our data also suggests that therapies aimed at removing abnormal tau could be critical for stopping the disease in later Braak-staged individuals. Certainly this approach was highlighted by the recent clinical success of the antitau drug, methylthionium chloride, in mild-to-moderate AD patients. 42 
